Little is known about the interactions of single nucleotide polymorphisms (SNPs) and overweight/obesity on blood pressure levels. The present study was undertaken to detect 10 lipid-related gene SNPs and their interactions with overweight/obesity on blood pressure levels. Genotyping of ATP-binding cassette transporter A1 (ABCA-1) V825I, acyl-CoA:cholesterol acyltransferase-1 (ACAT-1) rs1044925, low density lipoprotein receptor (LDL-R) AvaII hepatic lipase gene (LIPC) −250G > A, endothelial lipase gene (LIPG) 584C > T, methylenetetrahydrofolate reductase (MTHFR) 677C > T, the E3 ubiquitin ligase myosin regulatory light chain-interacting protein (MYLIP) rs3757354, proprotein convertase subtilisin-like kexin type 9 (PCSK9) E670G, peroxisome proliferator-activated receptor delta (PPARD) +294T > C, and Scavenger receptor class B
Introduction
Hypertension is an emerging risk factor that causes more than 7.1 million premature deaths a year worldwide [1] , and that is becoming more prevalent in developing nations [2] . Hypertension can lead to coronary heart disease (CHD), stroke, congestive heart failure, renal insufficiency, and peripheral vascular disease. It is well known that blood pressure levels are regulated by multiple environmental and genetic factors and their interactions [3] [4] [5] [6] . Recent genome-wide association studies in different populations have explored more than 160 candidate genes associated with blood pressure and hypertension, but the results of these association studies conducted with blood pressure traits are inconsistent [7] [8] [9] [10] . A major reason for inconsistency among these studies may be different environmental modifiers that interact with genes to influence blood pressure and hypertension.
Obesity, the presence of excess body fat, has been clearly associated with cardiovascular disease, type 2 diabetes mellitus, gallbladder disease, cancers at several sites, osteoarthritis, and total mortality [11] . The prevalence of obesity has dramatically increased during recent years in all parts of the world [12] . According to the World Health Organization (WHO), more than 400 million adults were obese in 2005, and it is estimated that more than 700 million adults will be obese by 2015 [13] . Moreover, the rates of increase and the overall prevalence of obesity vary greatly across ethnic groups [14] . Among Americans, data from the National Health and Nutrition Examination Survey (NHANES) conducted in [2007] [2008] showed that adults of 32.8% of non-Hispanic whites, 44 .1% of non-Hispanic blacks, and 39.3% of Mexican-Americans were either overweight or obese [15] . The prevalence of overweight and obesity in Chinese was 24.1% and 2.8% in men and 26.1% and 5.0% in women; respectively [16] . Obesity has become a major clinical and public health problem that threatens to overwhelm already extended healthcare services in many countries. The link between overweight/obesity and blood pressure and hypertension has been well documented [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, the interactions of single nucleotide polymorphisms (SNPs) and overweight/obesity on blood pressure levels are limited.
There are 56 ethnic groups in China. Han nationality is the largest ethnic group, and Yao nationality is the eleventh largest minority among the 55 minority groups according to the population size.
Bai Ku Yao (White-trouser Yao), an isolated subgroup of the Yao minority, is named so because all men wear white knee-length knickerbockers. The population size is about 30,000. Because of isolation from the other ethnic groups, the special customs and cultures including their clothing, intra-ethnic marriages, dietary patterns, and corn wine and rum intakes are still completely preserved to the present day. Thus, Bai Ku Yao is thought to share the same ethnic ancestry and to possess a homogeneous genetic background, and is a useful subgroup for population genetic studies. In several previous epidemiological studies, we found that blood pressure levels and the prevalence of hypertension were lower in normal weight than in overweight/obese subjects [3, 4] . We hypothesized that the differences in blood pressure levels between normal weight and overweight/obese subjects might partly result from different interactions of some SNPs and overweight/obesity in this population. Therefore, the aim of the present study was to detect 10 SNPs in different lipid-related genes and evaluate their interactions with overweight/obesity on blood pressure levels in the Guangxi Bai Ku Yao population. The SNPs were selected according to the previous findings of genome-wide association studies [7] [8] [9] [10] and bioinformatics functional assessment. Computational analysis of 10 SNPs ascribed potential functional characteristics to each variant allele [27] . In addition, the 10 SNPs selected for genotyping also based on the frequency of Beijing Han population from the Human Genome Project Database. The heterozygosity values were higher than 10% for the minor allele frequency. Table 1 shows the general characteristics and blood pressure levels of the participants. The levels of education, weight, body mass index (BMI), waist circumference, systolic blood pressure (SBP), diastolic blood pressure (DBP), serum total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), apolipoprotein (Apo) A1, ApoB, and the percentages of subjects who consumed alcohol were higher in overweight/obese than in normal weight subjects (p < 0.05-0.001), whereas the levels of serum high-density lipoprotein cholesterol (HDL-C), the ratio of ApoA1 to ApoB, and the percentages of subjects who smoked cigarettes were lower in overweight/obese than in normal weight subjects (p < 0.01 for all). There were no significant differences in the levels of mean age, height, pulse pressure (PP), and the ratio of male to female between the overweight/obese and normal weight subjects (p > 0.05 for all). Values are means ± SD or number of subjects (%). HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
Results

General Characteristics
Electrophoresis and Genotypes
The polymerase chain reaction (PCR) products of ATP-binding cassette transporter A1 (ABCA-1) V825I (rs2066715), acyl-CoA:cholesterol acyltransferase-1 (ACAT-1) rs1044925, low density lipoprotein receptor (LDL-R) AvaII, hepatic lipase gene (LIPC) −250G > A (rs2070895), endothelial lipase gene (LIPG) 584C > T (rs2000813), methylenetetrahydrofolate reductase (MTHFR) 677C > T (rs1801133), the E3 ubiquitin ligase myosin regulatory light chain-interacting protein (MYLIP, also known as IDOL) rs3757354, proprotein convertase subtilisin-like kexin type 9 (PCSK9) E670G (rs505151), peroxisome proliferator-activated receptor delta (PPARD) +294T > C (rs2016520) and Scavenger receptor class B type 1 (SCARB1) rs5888 were 525-, 389-, 228-, 411-, 254-, 254-, 387-, 440-, 269-and 218-bp nucleotide sequences; respectively. The genotypes of the 10 SNPs were shown in Figure 1. 
Nucleotide Sequences
The genotypes detected by PCR-RFLP were also confirmed by direct sequencing (Figure 2 ).
Genotypic and Allelic Frequencies
The genotypic and allelic frequencies of the SNPs between normal weight and overweight/obese subjects are summarized in Table 2 . The genotypic distribution of 10 SNPs fitted the Hardy-Weinberg equilibrium (p > 0.05 for all). The genotypic and allelic frequencies of LIPC and PCSK9 were different between normal weight and overweight/obese subjects, the overweight/obese subjects had higher LIPC −250A and PCSK9 670A allele frequencies than normal weight subjects (p < 0.05-0.001). The genotypic frequency of LIPG and allelic frequency of MYLIP were also different between normal weight and overweight/obese subjects (p < 0.05 for each). There were no significant differences in the genotypic and allelic frequencies of the remaining SNPs between normal weight and overweight/obese subjects (p > 0.05 for all). The GG homozygous of the PCSK9 E670G was not detected in our study population. 
Genotypes and Blood Pressure Levels
The association of genotypes and blood pressure parameters between normal weight and overweight/obese subjects is shown in Figure 3 . The levels of SBP, DBP and PP in normal weight subjects were not different among the genotypes of all SNPs (p > 0.05 for all). The levels of SBP (ACAT-1, LIPC and LIPG), DBP (LIPG, PPARD and SCARB1), and PP (ACAT-1, LIPC and SCARB1) in overweight/obese subjects were different among the genotypes (p < 0.01-0.001).
Interactions of the SNPs and Overweight/Obesity on Blood Pressure Levels
The interactions of 10 SNPs and overweight/obesity on blood pressure levels are given in Table 3 . The SNPs of ABCA-1 (SBP and PP), LDL-R (DBP), LIPC (SBP and DBP), and SCARB1 (PP) were shown interactions with overweight/obesity to influence blood pressure levels (p < 0.01-0.001). ACAT-1 AA genotype interacted with overweight/obesity to decrease PP, AC genotype interacted with overweight/obesity to increase SBP, and CC genotype interacted with overweight/obesity to decrease SBP and PP. LDL-R A-A-genotype interacted with overweight/obesity to increase DBP. LIPC GA genotype interacted with overweight/obesity to increase SBP and DBP, and AA genotype interacted with overweight/obesity to increase SBP. SCARB1 TT genotype interacted with overweight/obesity to increase PP. 
Correlation between Genotypes or Alleles and Blood Pressure Parameters
The results of multiple linear regression analysis between genotypes or alleles and blood pressure parameters are shown in Table 4 . Blood pressure levels were also associated with the genotypes or alleles of several SNPs in the combined population of normal weight and overweight/obese subjects, and overweight/obese subjects; respectively (p < 0.05-0.001). 
Experimental Section
Study Population
A total of 1729 unrelated participants of Bai Ku Yao who reside in Lihu and Baxu villages in Nandan County, Guangxi, China were randomly selected from our previous stratified randomized cluster samples [3, 4] . The age of the subjects ranged from 15 to 86 years, with an average age of 41.38 ± 14.71 years. There were 978 normal weight (490 males and 488 females) and 751 overweight/obese subjects (378 men and 373 women). All of the subjects were rural agricultural workers. The subjects had no evidence of diseases related to atherosclerosis, CHD and diabetes. None of them had been treated with antihypertensive drugs (such as nifedipine and/or captopril, beta-blockers, and diuretics), lipid-lowering drugs, hormones, or contraceptive drugs. The protocol was approved by the Ethics Committee of the First Affiliated Hospital, Guangxi Medical University. Informed consent was obtained from each participant.
Epidemiological Survey
The survey was carried out using internationally standardized methods [3, 4] . Trained interviewers administered questionnaires to gather information on each participant's demographic characteristics, socioeconomic status, lifestyle factors, and medical and medication history. Blood pressure was measured three times by a well-trained physician with the use of a standard mercury sphygmomanometer after the subjects had been seated for more than 5 min, and the average of three measurements was used for the analysis. SBP was determined by the first Korotkoff sound, and DBP by the fifth Korotkoff sound. PP was calculated as the SBP minus the DBP. Height was measured to the nearest 0.1 cm on a portable stadiometer. Weight was measured to the nearest 0.1 kg with the subjects standing motionless on the scale. BMI was calculated as weight in kilograms divided by the square of height in meters. Waist circumference was measured with a nonstretchable measuring tape, at the level of the smallest area of the waist, to the nearest 0.1 cm.
Biochemical Measurements
Fasting venous blood samples of 5 mL were obtained from all subjects. A part of the sample (2 mL) was collected into glass tubes and used to determine serum lipid levels. Another part of the sample (3 mL) was transferred to tubes with anticoagulate solution (4.80 g/L citric acid, 14.70 g/L glucose, and 13.20 g/L tri-sodium citrate) and used to extract deoxyribonucleic acid (DNA). The levels of TC, TG, HDL-C, and LDL-C in samples were determined by enzymatic methods. Serum ApoA1 and ApoB levels were detected by the immunoturbidimetric immunoassay. All determinations were performed with an autoanalyzer (Type 7170A; Hitachi Ltd., Tokyo, Japan) in our Clinical Science Experiment Center [3, 4] .
Genetic Analyses
Genomic DNA was extracted from the peripheral blood leukocytes by the phenol-chloroform method [5] . Genotyping of ABCA-1, ACAT-1, LDL-R, LIPC, LIPG, MTHFR, MYLIP, PCSK9, PPARD, and SCARB1 SNPs was performed using PCR-RFLP. The sequences of the forward and backward primers and restriction enzyme used for the genotyping of 10 SNPs, the thermocycling protocol, the approach to electrophoresis, and the procedures for quality control have been described previously [5] . Genotypes were scored by an experienced reader blinded to epidemiological data and blood pressure levels.
DNA Sequencing
Fifty-eight samples (each genotype in two; respectively) detected by the PCR-RFLP were also confirmed by direct sequencing. The PCR products were purified by low melting point gel electrophoresis and phenol extraction, and then the DNA sequences were analyzed in Shanghai Sangon Biological Engineering Technology & Services Co., Ltd., China.
Diagnostic Criteria
Hypertension was defined as an average SBP of 140 mmHg or greater and/or an average DBP of 90 mmHg or greater [3, 4] . The normal values of serum TC, TG, HDL-C, LDL-C, ApoA1 and ApoB levels, and the ratio of ApoA1 to ApoB in our Clinical Science Experiment Center were 3.10-5.17, 0.56-1.70, 0.91-1.81, 2.70-3.20 mmol/L, 1.00-1.78, 0.63-1.14 g/L, and 1.00-2.50; respectively. The individuals with TC > 5.17 mmol/L and/or TG > 1.70 mmol/L were defined as hyperlipidemic [3, 4] . The diagnostic criteria of overweight and obesity were according to the Cooperative Meta-analysis Group of China Obesity Task Force. Normal weight, overweight and obesity were defined as a BMI < 24, 24-28, and > 28 kg/m 2 ; respectively [3, 4] .
Statistical Analysis
Data are presented as means ± SD for continuous variables and as frequencies or percentages for categorical variables. Chi square tests were used to compare the differences in percentages and to assess Hardy-Weinberg expectations. Differences in mean values were assessed using analysis of covariance (ANCOVA) and unpaired t tests. Potential confounding factors were sex, age, education level, physical activity, alcohol consumption, cigarette smoking, and hyperlipidemia. All significant associations were further corrected for multiple tests by a permutation test. The permutation test was conducted by changing the orders of dependent variable randomly against the genotypes (under the null hypothesis-no association between dependent variable and haplotypes). This process was repeated 1000 times. The p values of 1000 permutations were sorted in a descending manner. If the observed p value is less than or equal to the 950th p value, the association was considered statistically significant. The allelic and genotypic frequencies were calculated from the observed genotypic counts. The interactions of 10 SNPs and overweight/obesity on blood pressure levels were assessed by using a factorial regression analysis after controlling for potential confounders. Multiple linear regression was used to ascertain the correlation between genotypes (ABCA-1: GG = 1, GA = 2, AA = 3; ACAT-1: AA = 1, AC = 2, CC = 3; LDL-R: A−A− = 1, A−A+ = 2, A+A+ = 3; LIPC: GG = 1, GA = 2, AA = 3; LIPG: CC = 1, CT = 2, TT = 3; MTHFR: CC = 1, CT = 2, TT = 3; MYLIP: AA = 1, AG = 2, GG = 3; PCSK9: AA = 1, AG = 2; PPARD: TT = 1, TC = 2, CC = 3; and SCARB1: CC = 1, CT = 2, TT = 3) or alleles (the minor allele noncarrier = 1, the minor allele carrier = 2) and blood pressure parameters in the combined population of normal weight and overweight/obese subjects, normal weight subjects, and overweight/obese subjects; respectively.
Discussion
In the present study, we showed that the genotypic and allelic frequencies of LIPC and PCSK9 were different between normal weight and overweight/obese subjects, the overweight/obese subjects had higher LIPC-250A and PCSK9 670A allele frequencies than normal weight subjects. The genotypic frequency of LIPG and allelic frequency of MYLIP were also different between normal weight and overweight/obese subjects. These results indicate that several lipid-related gene SNPs may involve in the regulation of blood pressure. Both dyslipidemia and hypertension are the components of the metabolic syndrome. Blood pressure and serum lipid levels have been found to be consistently related in several previous studies [28, 29] . Some studies have prospectively examined the relationship between serum lipid levels and the future development of hypertension, finding that there is an association between serum lipid levels and the development of hypertension [30, 31] . Higher levels of serum TC, non-HDL-C, and the TC/HDL-C ratio were independently associated with a subsequent increased risk of incident hypertension in apparently healthy men. Elevated serum lipid levels appeared to predate the onset of hypertension by years [31, 32] . In recent years, a number of studies such as genetic linkage analyses and/or genome-wide association studies have been performed to elucidate the contribution of genetic factors to both conditions [7] [8] [9] [10] 33, 34] . These genetic observations indicate that multiple genetic factors exist that may affect both blood pressure and serum lipid levels. Some genes involved in lipid metabolism may be involved in the genetic component of the development of hypertension.
The relationship between obesity and hypertension is well recognized. Overweight and obesity increase the risk of elevated blood pressure. The prevalence of hypertension was 2-to 6-fold higher in obesity than in normal weight crowd [17] [18] [19] . An increase in BMI and a decrease in BMI were significantly associated with increased and decreased SBP and DBP, respectively, compared to a stable BMI in both genders and all age groups [17, 18] . In the Nurses' Health Study [19] , women with a BMI of 32 or greater had approximately six times higher risk of developing hypertension compared with women whose BMIs were less than 23. The mechanisms for the relation between obesity and blood pressure have not been fully elucidated. Insulin resistance and peripheral hyperinsulinemia resulting from overweight and obesity may play a critical role in the development of hypertension [20, 21] . Other postulated factors include excessive caloric intake, enhanced sympathetic activity [22] , and even the greater lean mass present in obese subjects. In addition, enhanced salt sensitivity [19] , activated renin-angiotensin-aldosterone system [23] , potentiated procoagulatory activity [24] , and induced endothelial dysfunction [25, 26] among obese individuals may be also responsible for the development of hypertension.
Several previous studies have evaluated the association between several SNPs and blood pressure variation [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . However, the findings are inconsistent. Liu et al. [35] found that there was no difference in the genotypic and allelic frequencies of LDL-R AvaII between normotensives and essential hypertensives. Rodríguez-Esparragón et al. [36] reported that TT genotype of MTHFR C677T was associated with an increased risk of hypertension in males. A meta-analysis showed that the MTHFR C677T was consistently associated with severe diastolic hypertension during pregnancy [37] . The MTHFR C667T modulated baseline DBP and DBP responsiveness by short-term treatment of benazapril [38, 39] . A significant association between MTHFR C677T polymorphism and hypertension/hypertension-in-pregnancy in both Caucasian and Asian populations was also observed in a recent meta-analysis [40] . The patients carrying MTHFR 677T allele were at increased risk of hypertension. The frequency of co-occurrence of MTHFR 677CT/1298CC genotypes was significantly higher in patients compared to controls (p < 0.05) and was associated with increased risk of hypertension [41] . Marinho et al. [42] showed that genotype distributions of MTHFR differ significantly between control and hypertensives with a greater prevalence of CT genotype. The MTHFR 677C allele was significantly more frequent in controls compared with patients with essential hypertension (p < 0.05), and CC genotype was more frequent in controls compared to patients with essential hypertension [43] . However, several studies showed that there was no association of MTHFR C677T and the prevalence of hypertension or blood pressure levels [44] [45] [46] . Gao et al. [47] reported that PPAR-gamma2 is associated with hypertension in the Han population of Inner Mongolia. The frequency of Ala allele was lower in patients with hypertension (1.3%) than in controls (3.6%, p = 0.018). The Pro12Ala polymorphism in PPAR-gamma is associated with blood pressure in subjects with type 2 diabetes. The subjects with Pro/Ala (24%) or Ala/Ala (2%) had lower DBP when adjusted for age and gender compared with Pro/Pro subjects (74%). This association was restricted to men, who also had a borderline significant difference in SBP [48] . However, Yan et al. [49] reported that the frequencies of the PPARD +294T > C genotypes were not different among the groups of metabolic syndrome, essential hypertension, and type 2 diabetes mellitus. In the current study, we showed that the levels of SBP (ACAT-1, LIPC and LIPG), DBP (LIPG, PPARD and SCARB1), and PP (ACAT-1, LIPC and SCARB1) in overweight/obese subjects but not in normal weight participants were different among the genotypes. To the best of our knowledge, the association between these SNPs and blood pressure variation in overweight/obese subjects has not been previously reported.
The interactions of 10 SNPs and overweight/obesity on blood pressure levels are not fully known. In the present study, we showed that the genotypes of ACAT-1 AC, LIPC GA and AA, and SCARB1 TT interacted with overweight/obesity to increase SBP levels, whereas the genotype of ACAT-1 CC interacted with overweight/obesity to decrease SBP levels. The genotypes of LDL-R A-A-and LIPC GA interacted with overweight/obesity to increase DBP levels. The genotype of SCARB1 TT interacted with overweight/obesity to increase PP levels, whereas the genotypes of ACAT-1 AA and CC interacted with overweight/obesity to decrease PP levels. These findings suggest that some blood pressure parameters in our study subjects were partly influenced by the interactions of several lipid-related SNPs and overweight/obesity. Lose weight and other healthy lifestyles are necessary for maintaining of normal blood pressure. To the best of our knowledge, the interactions of these SNPs and overweight/obesity on blood pressure parameters have not been previously explored.
The present study has several potential limitations. First, the levels of education, weight, and the percentages of subjects who consumed alcohol were higher in overweight/obese than in normal weight subjects, whereas the percentages of subjects who smoked cigarettes were lower in overweight/obese than in normal weight subjects. Although sex, age, education level, physical activity, alcohol consumption, cigarette smoking, and hyperlipidemia have been adjusted for the statistical analysis, we could not completely eliminate the potential effects of these factors on blood pressure levels among different genotypes in both groups. Second, the diet was not adjusted for the statistical analysis. In the present study, the population of Bai Ku Yao is a special and isolated ethnic subgroup of the Yao minority in China. The special customs and cultures including their clothing, intra-ethnic marriages, diet and lifestyle are still completely conserved to the present day. The diet in this population is consistent throughout the year and among individuals because of the Bai Ku Yao's reliance on a limited number of locally available food items. Their staple food is corn gruel or corn tortillas. On ordinary days, they are vegetarians [3, 4] . Third, it is clearly established that blood pressure levels are regulated by multiple environmental and genetic factors, and their interactions. Although we have detected the interactions of 10 lipid-related gene SNPs and overweight/obesity on blood pressure levels in this study, there are still many unmeasured environmental and genetic factors and their interactions. Thus, the interactions of gene-gene, gene-environment, and environment-environment on blood pressure levels remain to be determined. Finally, Bai Ku Yao is an isolated subgroup of the Yao minority in China. No replication of the interactions between genetic polymorphisms and overweight/obesity on blood pressure variation was obtained in this independent population. Thus, it may not generalize findings in other populations worldwide.
Conclusions
Several lipid-related SNPs in overweight/obese subjects were found to be associated with blood pressure levels in the Guangxi Bai Ku Yao population. The interactions of ABCA-1 (SBP and PP), LDL-R (DBP), LIPC (SBP and DBP), and SCARB1 (PP) and overweight/obesity on blood pressure levels were also detected. The differences in blood pressure levels between normal weight and overweight/obese subjects might partly result from different interactions of several lipid-related gene SNPs and overweight/obesity. However, large studies of populations with different ethnic origins are required to confirm these observations.
